INTRODUCTION
============

Critical limb ischemia (CLI) is one of the most severe forms of peripheral artery disease (PAD). Patients with CLI suffer not only from severe pain but also from paleness, pulselessness, and/or paralysis of affected legs. Among those patients with non-recoverable CLI symptoms, about 40% eventually undergo leg amputation, and around 20% die within 6 months of presentation \[[@B1]\].

The risk factors for CLI include diabetes mellitus (DM), hyperlipidemia, age, and smoking \[[@B1]\]. These factors can cause minor or major thromboses inside blood vessels and result in ischemic conditions. Thrombosis is defined the localized clotting of blood in the circulatory system, and since these clots remain in blood vessels, they impede blood flow. Furthermore, when present in a femoral artery, nutrient and oxygen supply are reduced and critical limb ischemia can result \[[@B2]\]. As well as acting as a physical obstruction, atherosclerosis induces increases in the plasma levels of inflammatory proteins, such as, interleukin 6 (IL-6), neopterin, and tumor necrosis factor-alpha (TNF-α), and these up-regulations are associated with 1-year mortality despite clinical intervention \[[@B3]\].

The clinical strategies commonly used to prevent limb loss in CLI target the restoration of blood supply and include mechanical or pharmacological procedures or surgery \[[@B4],[@B5],[@B6]\]. However, these efforts do not guarantee complete or permanent recovery of vascular blood flow and have little effect on patient survival.

Recently, mesenchymal stem cells (MSCs) injections have been used to overcome post-ischemic injuries \[[@B7]\]. MSCs have been reported to have positive effects on angiogenesis via paracrine secretion in patients with ischemic injuries, such as, myocardial infarction (MI) \[[@B8]\] or brain stroke \[[@B9]\].

It is well known MSCs secrete angiogenic related proteins, such as, vascular endothelial growth factor (VEGF) and angiopoietin 1 (ANG-1) *in vitro* and *in vivo* \[[@B10],[@B11]\]. These proteins are required for blood vessel formation \[[@B12],[@B13],[@B14]\] via the synthesis of extracellular matrix \[[@B15]\], migration, endothelial cell proliferation \[[@B16]\], angiogenesis, and vessel growth \[[@B17]\] in the presence of ischemic disease \[[@B16]\]. In addition, to the direct angiogenic effect of MSCs, several recent studies have shown that various proteins secreted by MSCs stimulate M2 macrophage differentiation \[[@B18],[@B19]\]. M2 macrophages uniquely increase the productions of endothelial cells and tubular structures and express related genes, such as, insulin-like growth factor-1 (IGF1), chemokine ligand 2 (CCL2), basic fibroblast growth factor (bFGF2), and placental growth factor (PLGF) \[[@B20]\]. These proteins are activated by pro-enzyme of matrix metalloproteinase-9, which is produced by infiltrating macrophages \[[@B21],[@B22]\].

Potentially, MSCs administration offers a powerful means of treating CLI. Several clinical trials have been conducted on the use of MSCs from both allogeneic and autologous tissues and other trials are on-going \[[@B23]\]. Furthermore, several preclinical studies are being conducted to optimize MSCs treatments with respect to dosage, injection frequency, injection route, and injection site in animal models of CLI \[[@B23]\]. Cell dose and injection frequency are crucial in animal models and in CLI patients. When MSCs are injected into CLI animal models, direct intramuscular injection and multiple injections (3 to 5 injections) are preferred in ischemic regions \[[@B23]\]. Preclinical studies have demonstrated that MSCs are therapeutically effective in CLI animal studies and that they appear to have a satisfactory safety profile.

Although cell dose and injection frequency are important, little information is available on the topic in animal models of CLI. Accordingly, we sought to determine whether injected MSCs dose and frequency influence muscle status or improve MSCs survival and how they affect angiogenic factor secretion and polarize M2 macrophages in a murine model of CLI.

METHODS
=======

Cell culture
------------

Human bone marrow derived mesenchymal stem cells (MSCs) and human umbilical vein endothelial cells (HUVECs) were used in this study. MSCs were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Life Technologies, NY, USA) containing a low glucose concentration supplemented with 10% fetal bovine serum (FBS; Life Technologies) and 1% gentamycin. HUVECs were grown in EGM™-2 growth medium (Lonza Biosciences, ML, USA) in 1% gelatin coated culture dishes. All cells were maintained in 5% CO~2~ humidified incubator at 37℃.

Thrombosis induced limb ischemia models and MSCs injection
----------------------------------------------------------

Adult (7 week-old) male Balb/c mice (weight 21\~26 gm) were maintained in a temperature-controlled room with access to food and water *ad libitum*. All experiments were approved by the Institute Animal Care and Use Committee of Lee Gil Ya Cancer and Diabetes Institute of Gachon University and were conducted humanely (approval number; LCDI-2013-0002). Mice were anesthetized with Zoletil (25 mg/kg) and Rompun (5\~10 mg/kg) by intra-peritoneal injection. After anesthesia induction, thrombus of the left femoral artery was induced by topically applying a small strip of filter paper soaked with 10% ferric chloride (Sigma-Aldrich, MO, USA) for 3 mins. After 3 mins, MSCs (10^6^ or 10^5^ cells; high or low doses) were mixed with 80 µl of Plasma Solution A (CJ Cheil Jedang Corp., South Korea), and then injected into the ischemic skeletal muscle area in the single injection model. For control model, the same volume (80 µl) of Plasma Solution A (saline) was intramuscularly injected into ischemic areas. In the double injection model, MSCs or saline were injected once in 2 consecutive weeks in the same ischemic area. Protein and mRNA samples of skeletal muscles were obtained 4 weeks after MSCs first implantation.

Immunofluorescence staining
---------------------------

After antigen retrieval using sodium citrate solution (ph. 7.2), tissue sections were incubated in blocking solution with normal horse serum to block non-specific binding. The tissues were incubated with specific antibodies (detailed in [Supplemental Table 1](#S2){ref-type="supplementary-material"}) overnight at 4℃ and rinsed with phosphate buffer saline (PBS, Life technologies). The tissues were incubated with fluorescence conjugated secondary antibodies for 1 hr ([Supplemental Table 1](#S2){ref-type="supplementary-material"}) rewashed with PBS. Nuclei were counterstained with 4\', 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) at room temperature for 10 mins. Fluorescence signals were detected using a confocal microscope (LSM 710, Carl Zeiss) and fluorescence intensities and blood vessel sizes were measured using Zeiss Zen 2012 software (Carl Zeiss).

Characteristics of MSCs
-----------------------

MSCs were supplied by FCB-Pharmicell (Sungnam, South Korea). These cells were extracted from healthy bone marrow of 51 years old man and passaged 5\~6 times. To confirm their identities, the well-known MSCs specific stem cell markers, CD73 (+), CD105 (+), CD34 (--), and CD45 (--), were checked by fluorescence-activated cell sorting (FACS) analysis. The MSCs differentiated into adipocytes (adipogenic differentiation) or osteocytes (osteogenic differentiation) for confirmation of multipotent and each MSCs derived cells were especially stained with Oil Red O or alkaline phosphatase respectively.

Flow cytometry analysis
-----------------------

MSCs (2×10^5^ cells) were labeled with CD105, CD34, and CD45 conjugated with Fluorescein isothiocyanate (FITC) and CD73 conjugated with phycoerythrin (PE) for 20 mins at room temperature in the dark. To check negative control, isotype controls was labeled with same FITC and PE. After incubation with antibodies, washed with PBS and stained cells were measured with FACS (Navios™ flow cytometer, Beckman Coultyer) and data analyzed by kaluza software (Beckman Coultyer).

Differentiation potency validation
----------------------------------

To check the osteogenic differentiation ability, MSCs were incubated with osteogenic differentiation medium which is mixed with 0.1 µM dexamethasone (Sigma-Aldrich), 10 mM β-glycerol phosphate (Sigma-Aldrich) and 50 µM L-ascorbic acid (Sigma-Aldrich) in MSCs growth medium including 10% FBS, 100 U/mL penicillin (Life Technologies), 100 mg/mL streptomycin (Life Technologies), high-glucose DMEM (Life Technologies) for 14 days at 37℃ and 5% CO~2~. MSCs (3×10^5^) were planted into 6-well plate (BD Falcon) and the osteogenic differentiation medium was changed every third day. After PBS washed, differentiated cells were fixed with 100% methanol (Merck Millipore, Ohio, USA) in ice for 2 mins and washed with distilled water twice. The cells incubated with alkaline phosphatase substrate, 5-Bromo-4-Chloro-3-Indolyl Phosphate / Nitroblue Tetrazolium (BCIP/NBT) liquid substrate (Sigma-Aldrich), for 10 mins at room temperature. For validation of adipogenic differentiation potency, same number of MSCs was used. Adipogenic differentiation induction medium is prepared with 1 µM dexamethasone, 10 µg/mL insulin, 100 µM indomethacin, and 0.5 mM methyl isobutylzanthine in MSCs growth medium for 72 hrs. After PBS washed twice, differentiated cells were fixed with 4% paraformaldehyde for 4 hrs and stained with 60% oil red-O solution (Sigma-Aldrich) for 45 mins at room temperature. Used reagents for adipogenic differentiation were obtained from Sigma-Aldrich. All differentiated cells were observed by light microscope (Olympus CX21).

Histological validation
-----------------------

To determine the collagen formation in the ischemia area, we have performed Masson\'s Trichrome staining by using commercial kit (Sigma-Aldrich). To fix the skeletal muscle tissues slides, put slides in the bouin\'s solution (Sigma-Aldrich) for 15 mins at 56℃. Afterwards, tissues were stained with iron hematoxylin solution (Merck Millipore) for 5 mins to observe nucleus, then Biebrich Scarlet solution (Sigma-Aldrich) was used for 2 mins to stain acidophilic tissue components. These slides were treated with phospho-acids, phosphomolybdic-phosphotungstic acid solution (Sigma-Aldrich), for differentiating tissues. Lastly, tissues slides were washed with running water and collagen of skeletal muscle tissues slides was stained by aniline blue solution (Sigma-Aldrich).

All stained tissues slides were immersed in each absolute alcohol and xylene for 3 mins and these slides were covered with glass by using DPX mounting medium (Sigma-Aldrich) and they were analyzed under the light microscope.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
--------------------------------------------------------------------

To detect apoptotic cells after ferric chloride treatments, TUNEL was performed according to the instruction. Briefly, tissues sections were incubated with mixture of TUNEL reagent for 1 hr at 37℃ in the dark. Nuclei were counterstained by DAPI. After PBS wash, tissue sections were mounted with Vectashield mounting medium and coverslipped on glass slide and validated by confocal microscope.

Sample preparation
------------------

### RNA isolation

Total RNA in MSCs or saline injected muscles was isolated using the Trizol methods following to the provided manufacture\'s manual. The muscle tissues were homogenized on ice using a disposable pestle in 1 ml Trizol reagent (Invitrogen, CA, USA). Homogenized samples were mixed with 0.2 ml chloroform (Amresco, OH, USA). After the sample was centrifuged at 12,000 × g for 15 mins at 4℃, the aqueous phase was collected into a new tube, mixed with 0.5 ml absolute isopropanol, leaving only the RNA pellet. To clarify the RNA, isolated RNA was washed with 70% ethanol. The dried pellet was dissolved with 30 µl DEPC water.

### Muscle tissue preparation for immunofluorescence staining

The muscle tissues were fixed in 4% paraformaldehyde in PBS, and then followed by soaking in 20% sucrose solution overnight at 4℃ for cryoprotecion. To make muscle tissue frozen block, muscles were frozen in isopentane cooled by liquid nitrogen. The cryoprotected muscle tissues were cut into 10 µm slices by using a cryotome (Leica, Wechsler).

Blood vessel measurement
------------------------

Sectioned tissue slides were stained followed by immunofluorescence staining. Diameter of vWF positive blood vessels were measured by Zen 2009 software (Carl zeiss, Germany).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

To investigate proteins secreted by MSCs, we measured angiopoietin-1 (ANG-1), hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) and in mesenchymal stem cells-conditioned medium (MSC-CM). Briefly, MSC-CM was incubated in 96-well plates at 37℃ for 90 mins and then each primary antibody for 2 hrs at room temperature and then washed with PBS containing 0.1% Tween 20 (Sigma-Aldrich). Secondary antibodies were administered for 2 hrs at room temperature. After developing with tetramethylbenzidine (TMB, Sigma-Aldrich) solution for 10 mins in the dark and stopping the reaction with 2 N H~2~SO~4~ (Sigma-Aldrich), absorbances were measured at 450 nm using a spectrophotometer.

Angiogenesis assay
------------------

To confirm the angiogenic capacity of MSCs, we prepared MSC-CM and implemented angiogenesis assays. When we used HUVECs for this study, all HUVECs starved by incubating them for 24 hrs in HUVECs basal medium which\'s components is growth medium containing 1% FBS without growth factors. MSCs was incubated for 2 days in normal cell culture condition and then, this MSC-CM was concentrated by Amicon Ultra Centrifusal Filter (Merck Millipore).

Wound migration assay was used for validation of chemotactic motility. A scratch wound of 100% confluent HUVECs was introduced with a sterile pipette tip, and treating cell with PBS or MSC-CM. After incubation for 20 hrs, numbers of cells that migrated into wound fields were counted using the Image J program (NIH).

Tube formation was estimated using a matrigel assay. In brief, growth factor-reduced matrigel (BD Biosciences, San Diego, USA) was spread onto a 4-well plate (BD Falcon) and incubated for 40 mins at 37℃. After HUVECs starvation, HUVECs were seeded (5×10^4^ cells/well) on the matrigel and then, treated with PBS or MSC-CM. After 20 hrs incubation, images were captured by light inverted microscope (Olympus CKX31).

Endothelial cells proliferation was determined using a tetrazolium / phenazine methosulfate (MTS/PMS, Promega) assay. Briefly, HUVECs (1×10^4^ cells/well) seeded in a 96-well plate (BD Falcon) for FBS starvation. Cells were then treated with PBS or MSC-CM at 37℃ for 48 hrs. Freshly prepared MTS/PMS solution (20 µl/well) was mixed HUVECs basal medium (100 µl/well) in the plates and then cells were incubated for 4 hrs at 37℃ in the dark. Absorbance was read at 490 nm using a spectrophotometer (PerkinElmer). All experiments were performed three times in triplicate.

Immunoblotting
--------------

HUVECs were incubated in basal medium (Basal-M) or MSC-CM for 2 days. Whole cell lysates containing equal amount of proteins (30 µg protein/lane) were resolved by 4\~12% NuPAGE Bis-Tris gel (Thermo Scientific, NH, USA) and transferred to polyvinylidene fluoride (PVDF) membrane using semi-dry (25 voltage, 10 mins; ATTO, Japan). For protein isolation, cells were collected in RIPA buffer (TAKARA, Japan) with protease inhibitor and phosphatase inhibitors (TAKARA). The PVDF membranes were incubated with 5% skim milk as a blocking solution, followed by proper primary antibodies ([Supplemental Table 1](#S2){ref-type="supplementary-material"}) in blocking solution overnight at 4℃.

The membranes were washed with Tris-buffered saline with 0.1% tween 20 (TTBS) three times and incubated with appropriate secondary antibodies ([Supplemental Table 1](#S2){ref-type="supplementary-material"}) for 1 hr at room temperature. The blotting membranes were developed with enhanced chemiluminescence (ATTO) on LAS-4000 (GE healthcare).

Quantitative real time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

To validate injected MSCs viability, human specific markers including CD29 and CD44 genes were used. After RNA extraction, complementary DNA (cDNA) was synthesized by using the PrimeScript 1st strand cDNA Synthesis Kit (TAKARA) followed by manufacturer\'s manual. One hundred nano gram of each cDNA, 5 µl SYBR Premix (TAKARA) and 0.4 µM forward and same volume of reverse primers (listed in [Supplemental Table 2](#S3){ref-type="supplementary-material"}) were mixed, then the level of interesting gene expression was detected on a CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad, CA, USA).

Statistical analysis
--------------------

p-values were calculated and analyzed using SPSS software version 22 (SPSS, IL, USA). The Kruskal-Wallis test and the Mann-Whitney U test were used to determine the significances of differences between MSCs viability, blood vessel sizes, M2 macrophage infiltrations, and histology findings. p-values of \<0.05 were considered significant.

RESULTS
=======

Double injections of MSCs improved cell survival more so than a single injection
--------------------------------------------------------------------------------

Extracted MSCs showed typical surface markers and differentiation potentials. Analysis of MSCs surface markers by FACS revealed 99.99% and 99.98% were CD73 or CD105 positive, respectively, and that 0.78% and 0.63% were CD34 or CD45 positive ([Supplemental Fig. 1A](#S1){ref-type="supplementary-material"}). MSCs also differentiated into adipocytes or osteocytes depending on the differentiation method used. To assess adipogenesis of MSCs, lipid droplets were stained with Oil Red O.

Differentiated osteocytes showed positivity to alkaline phosphatase, in areas of mineral deposition ([Supplemental Fig. 1B](#S1){ref-type="supplementary-material"}). To assess the effects of injection frequency and of cell dose on MSCs survival, we analyzed protein and mRNA levels of injected MSCs in ischemic areas. CD44 levels were confirmed by immunofluorescence analysis. Double high dose of MSCs injection in ischemic muscles resulted in the largest number of CD44 expressing cells, and double low dose of MSCs injection resulted in 1.59 fold increase in the number of CD44 expressing MSCs than a single high dose of MSCs injection (p\<0.05; [Fig. 1A](#F1){ref-type="fig"}). qRT-PCR results for CD29 and CD44 showed that the survival rate of injected MSCs resulting from double high dose of MSCs injection was greatest. Interestingly, expression level of CD29 in double low dose injected tissues was 2.33-fold higher than those of single high dose injected tissues. CD44 expression pattern was similar with CD29. The level of CD44 in double low dose of MSCs injections was 1.69-fold higher than in single high dose of MSCs injection (p\<0.05; [Fig. 1B](#F1){ref-type="fig"}). Based on these results, double injections of either high or low dose of MSCs provided better cell survival than a single high dose injection.

Injected MSCs induced the angiogenesis of HUVECs via the AKT and MAPK
---------------------------------------------------------------------

To investigate ability of MSCs to induce angiogenesis, we measured the migration, tube formation, and proliferation ability in HUVECs. Mean migration ability and mean tube length formed by HUVECs after MSC-CM treatment were 9.30-fold ([Fig. 2A](#F2){ref-type="fig"}) and 3.89-fold higher ([Fig. 2B](#F2){ref-type="fig"}), respectively, than in PBS. Moreover, HUVECs proliferation induced by MSC-CM was 2.28-fold greater than that induced by PBS alone ([Fig. 2C](#F2){ref-type="fig"}). ANG-1, HGF, and VEGF are important growth factors during angiogenesis, and we used ELISA to assess levels of ANG-1, HGF, and VEGF proteins excreted into MSC-CM. ELISA results showed that amounts of secreted ANG-1, HGF and VEGF were 1.77, 1.98, and 1.59-fold higher, respectively, in MSC-CM than in basal medium ([Fig. 2D](#F2){ref-type="fig"}). To study the angiogenesis mechanism *in vitro*, we investigated changes in the expressions of pAKT and MAPK in MSC-CM treated HUVECs. Immunoblot analysis showed MSC-CM treatment increased pERK1/2 and pAKT expressions. However, the expression levels of AKT, ERK1/2, p38, pp38, SAPK/JNK, and pSAPK/JNK did not change after MSC-CM treatment ([Fig. 2E](#F2){ref-type="fig"}). *In vivo*, injected MSCs were found to promote angiogenesis. The size of vWF positive blood vessels after double high dose of MSCs injections were significantly greater (by 2.63 and 3.25-fold) than single high dose or double low dose of MSCs injection ([Fig. 2F](#F2){ref-type="fig"}). Interestingly, no significant differences were observed between vWF positive vessel sizes after double low dose injections or single high dose of MSCs injection, and single low dose injection resulted in larger vessels that single high dose of MSCs injection. These results indicate that injection frequency is more important than the dose administered with respect to the promotion of angiogenesis by MSCs in limb ischemia.

High dose MSCs injection was more effective at reducing activated macrophage infiltration and enhanced M2 macrophage polarization in limb ischemia
--------------------------------------------------------------------------------------------------------------------------------------------------

In order to confirm the effect of MSCs on M2 macrophage modulation, we used immunofluorescence analysis and a M2 specific marker arginase 1 protein (Arg 1). The number of Iba1 positive cells (a marker of macrophage activation) was higher in saline injected mice than in MSCs treated mice. However, it was changed in all MSCs injected mice except after a single low dose injection and these difference among high dose of MSCs and double low dose of MSCs injection was not stand out ([Fig. 3A, B](#F3){ref-type="fig"}).

Although the number of Iba1 positive cells decreased after MSCs injection, the proportion of Arg 1 expressing Iba1 cells was increased by MSCs injection. In particular, the number of Arg 1 expressing Iba1 cells was significantly higher after single and double high dose of MSCs injections than after double low dose injections ([Fig. 3B](#F3){ref-type="fig"}). These results show the higher MSCs doses than minimum number (10^5^ MSCs) of MSCs better modulated macrophage and M2 macrophage infiltrations than increasing injection frequency.

Double MSCs injections better protected against limb loss and damage
--------------------------------------------------------------------

Limb ischemia induced fibrosis and apoptosis were dramatically reduced in 4 weeks after single or double high dose of MSCs injections, but not after single low dose of MSCs injection ([Fig. 4A, B](#F4){ref-type="fig"}). Double high and low dose of MSCs injections reduced fibrosis areas by 12.92 and 10.97-fold, respectively, versus double injections of saline ([Fig. 4A](#F4){ref-type="fig"}). Numbers of apoptotic cells (as indicated by TUNEL staining) were reduced by 4.09, 5.95-fold after double high or low dose of MSCs injections, respectively, versus double injections of saline ([Fig. 4B](#F4){ref-type="fig"}). Interestingly, no statistical difference was observed between animals administered double high or low dose of MSCs injections.

Finally, limb conditions in all MSCs injected groups were better than in the saline group ([Fig. 4C](#F4){ref-type="fig"}). Among the all MSCs injected groups, limb salvage ratio was highest in the double high dose of MSCs injection group (85.71%) followed by the double low dose of MSCs injection group (81.82%), which both had greater limb salvage ratios than the single high or low dose of MSCs injection groups. Necrosis ratio in the double high dose of MSCs injection group was lowest (14.29%) and the double low dose of MSCs injection group was next lowest (18.18%). These results indicate injection frequency is more important than dosage in terms of preventing limb loss in limb ischemia ([Fig. 4C](#F4){ref-type="fig"}).

DISCUSSION
==========

MSCs are usually obtained from bone marrow \[[@B24]\], adipose tissues \[[@B25]\], or umbilical cord blood \[[@B26]\], and are characterized by several factors, such as, morphology, surface markers, and stemness \[[@B27]\]. They have a morphology similar to that of slender fibroblasts and they grow attached in culture. CD44, CD73, CD90 and CD 105 are positive cell-surface markers for MSCs and CD45 (known as leucocyte common antigen) and CD34 (known as hematopoietic stem marker) are negative markers \[[@B28],[@B29]\]. MSCs can differentiate into mesodermal cells, such as, adipocytes, chondrocytes, and osteocytes \[[@B27]\]. In the present study, MSCs exhibited typical characteristics with respect to cell surface markers and differentiation into adipocytes and osteocytes ([Supplemental Fig. 1](#S1){ref-type="supplementary-material"}).

Paracrine effects of MSCs therapy are of central importance, and thus, in view of their paracrine effects the survival of injected MSCs is considered an issue of key concern. When we checked survival rate of injected cells in our CLI animal model for 4 weeks after first injections, we found it depended on cell dose and injection frequency. Our results showed that the survival rate after double high dose of MSCs injections was greatest followed by double low dose of MSCs injections. Furthermore, the survival rate after a single high dose of MSCs injection was lower than after double low dose of MSCs injections ([Fig. 1](#F1){ref-type="fig"}), which means that injection frequency needs to be considered as well as dosage when considering MSCs therapy in CLI.

Our results show MSCs have a strong paracrine effect on CLI in mice ([Fig. 2](#F2){ref-type="fig"}). Angiogenic or growth factors secreted by MSCs caused endothelial cells to increase, migrate, and form tubes *in vitro*. Furthermore, MSCs secrete several types of cytokines and chemokines, such as, ANG-1, IL-6, monocyte chemoattractant protein-1 (MCP-1), and VEGF \[[@B30]\]. Because of these paracrine functions of angiogenic factors, attempts have been made to use MSCs-based cell therapies to treat ischemic diseases, such as, ischemic stroke, myocardial infarction (MI), and CLI \[[@B31],[@B32],[@B33]\]. Clinical trials on CLI patients \[[@B34]\] have shown MSCs treatment improved collateral vessel formation in a diabetic mellitus patient with a foot ulcer \[[@B35]\] and in a patient with Buerger\'s disease \[[@B36]\].

It has been proposed that the mechanism responsible for the effects of MSCs therapy involves paracrine or autocrine effects, as MSCs secrete many types of cytokines and chemokines \[[@B37]\]. Our results show MSCs treatment increased arteriogenesis and angiogenesis by operating at a molecular level. The classical angiogenic factors, ANG-1, HGF, and VEGF proteins are increased in MSC-CM treated endothelial cells. Furthermore, these angiogenic factors may activate AKT and ERK1/2, which are essential for angiogenesis \[[@B10]\]. Our results showed that MSC-CM induced the activations of AKT pathway and ERK1/2 pathway, but not the activations of p38 or SAPK/JNK in HUVECs, and induced the angiogenesis of endothelial cells. Secreted molecules like ANG-1, HGF, and VEGF are required for blood vessel formation \[[@B12],[@B13],[@B14]\] via the synthesis of extracellular matrix \[[@B15]\], endothelial cell migration, endothelial cell proliferation \[[@B16]\], angiogenesis, and vessel growth \[[@B17]\] in the presence of ischemic disease \[[@B16]\]. Furthermore, the PI3K-AKT pathway modulates the functions of endothelial cells and promotes angiogenesis whereas ERK induces cell proliferation \[[@B38]\].

A recent study showed MSCs regulate M1 and M2 balance in a MI animal model \[[@B39]\]. In MSCs injected myocardium, adjacent macrophages strongly expressed Arg 1, and in an *in vivo* study, MSCs co-cultured macrophages expressed fewer M1 markers including interleukin-6 (IL-6), IL-1β, MCP-1, and inducible nitric oxide synthase (iNOS) than control group. In contrast, M2 markers, including, IL-4, CD206, IL-10, and Arg1 were noticeably increased by co-culturing macrophages with MSCs \[[@B39]\]. MSCs are also key modulators of M2 macrophages in CLI \[[@B40]\]. Several researchers have reported that have demonstrated a more prominent role of M2 macrophages in arteriogenesis. M2 macrophages express a considerable number of angiogenic growth factors, such as, VEGF-A, TGFα, IGF-1, PDGF-β and HGF, and promote wound repair and neovascularization \[[@B41],[@B42],[@B43]\]. Moreover, a study showed tube formation was performed by the CM of M2 macrophages incubation, whereas the CM of M0 (rest condition) and M1 macrophages incubation actually inhibited tube formation, *in vitro* \[[@B12]\]. Thus, factors that induce the M2 phenotype can be considered to be indirectly angiogenesis by virtue of their ability to elicit angiogenic factor synthesis in and release from macrophages. Interestingly, our results show that high dose of MSCs injection better M2 macrophages than increasing treatment frequency.

Ischemia severity, as determined by ischemia scores and leg amputation rates, improved in the double MSCs injection groups at 4 weeks, in addition, blood vessel numbers were higher in these double MSCs injection groups.

In summary, our study shows injection frequencies and doses must be considered when planning MSCs therapy in patients with limb ischemia, and that increasing injection frequency enhances the survival of injected MSCs, which increase their paracrine effects.
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SUPPLEMENTARY MATERIALS
=======================

Supplementary data including one figure and two tables can be found with this article online at <http://pdf.medrang.co.kr/paper/pdf/Kjpp/Kjpp020-06-12-s001.pdf>.

###### Supplementary Fig. 1

Typical MSCs characterization. To characterize mesenchymal stem cells extracted from human bone marrow, (A) we used MSCs specific surface markers for FACS analysis. FACS revealed positivity for CD73 and CD105 and negativity for CD34 and CD45. The gray color indicates the negative control. (B) To check differentiation capacity into adipocyte or osteocyte, differentiated adipocyte and osteocyte were stained with oil red O or alkaline phosphatase, respectively.

###### Supplementary Table 1

Antibodies list used for immunofluorescence, flow cytometry, ELISA and immunoblotting

###### Supplementary Table 2

Sequences of the primers used for qRT-PCR

![Increased MSCs survival after double injections of MSCs in the limb ischemia animal model.\
(A) Double stained confocal microscopic images showing that distribution of CD44 positive MSCs (green) in ischemic muscle at 4 weeks after first injections depended on injection frequency and MSCs dose. Below graph came from representative pictures (above) and arrows indicated existed MSCs in the ischemic muscles. (B) CD29 and CD44 mRNA levels were assessed by qRT-PCR in the ischemic muscles of mice treated single or double with high or low dose of MSCs injection. Scale bar=100 µm, original magnification=200×, None; no signal detectable, ^\*^Different (p\<0.05) versus a single injection of low dose, ^§^Different (p\<0.05) versus double low dose of MSCs injections, ^†^Different (p\<0.05) versus double high dose of MSCs injections.](kjpp-20-657-g001){#F1}

![Paracrine induction of angiogenesis by MSCs secretions.\
HUVECs were treated with MSCs conditioned medium (MSC-CM) of PBS (control) to determine the ability of MSCs of promote angiogenesis, (A) HUVECs migration, (B) tube-like structure formation, and (C) HUVECs proliferation. Scale bar=1000 pixels, original magnification=40× ^\*^p\<0.05 vs. PBS treated HUVECs (D) Levels of ANG-1, HGF, and VEGF in MSC-CM were measured by ELISA. The ELISA plot shows fold levels of proteins in MSC-CM versus basal medium (Basal-M). (E) Immunoblotting results showing that the expressions of pAKT and MAPK pathway-related molecules in Basal-M and MSC-CM treated HUVECs *in vitro*. ^\*^p\<0.05 vs. Basal-M treated HUVECs (F) Confocal microscopic images showing the effects of MSCs dose and injection frequency on vWF (green) positive blood vessels and nuclei (DAPI; blue) in ischemic muscle. Vessel sizes were calculated by Zen 2009 software and described in graph. Scale bar=100 µm, original magnification=200 ×, ^\*^Different (p\<0.05) versus a single injection of low dose, ^§^Different (p\<0.05) versus double low dose of MSCs injections, ^†^Different (p\<0.05) versus double high dose of MSCs injection.](kjpp-20-657-g002){#F2}

![High dose of MSCs injection enhanced M2 macrophage polarization in the limb ischemia animal model.\
(A) Triple stained microscopic images showing total activated macrophages (Iba1), M2 macrophage marker (Arg 1) and nuclei (DAPI; blue). (B) Graphs were derived from representative microscopic images. The graph in the left panel shows numbers of activated macrophages (Iba1) and the right panel shows the ratio of Arg1 positive cells to Iba1 cells. Scale bar=100 µm, original magnification=200×, ^\*^Different (p\<0.05) versus a single injection of low dose, ^§^Different (p\<0.05) versus double low dose of MSCs injections, ^†^Different (p\<0.05) versus double high dose of MSCs injection.](kjpp-20-657-g003){#F3}

![Protective effects of double injections of MSCs in the limb ischemia animal model.\
(A) Fibrotic fibers (blue) in ischemic muscle were confirmed by Masson\'s trichrome staining and (B) apoptotic cells (arrows) were TUNEL stained. Scale bar=100 µm (C) Skin color immediately changed after ferric chloride had been applied to femoral arteries followed by MSCs injection visibly ameliorated limb ischemia. Limb salvage, necrosis and amputation ratios were described by white, gray and black color, respectively. ^\*^Different (p\<0.05) versus a single injection of low dose, ^§^Different (p\<0.05) versus double low dose of MSCs injections, ^†^Different (p\<0.05) versus double high dose of MSCs injection.](kjpp-20-657-g004){#F4}
